Background
In accordance with the growing understanding of asthma pathophysiology, concepts of the disease and the definition of disease severity have evolved over the past two decades. [1] [2] [3] [4] Although asthma could be characterized and defined by the manifestation of collective respiratory symptoms, it is a highly heterogeneous disease involving complex pathophysiologic mechanisms. The latest Global Asthma Report in 2014 showed a marked increase in asthma prevalence and estimated that as many as 334 million people worldwide are affected, highlighting the presence of a profound socioeconomic burden. 5 According to the latest Global Strategy for Asthma Management and Prevention from Global Initiative for Asthma (GINA), asthma severity is assessed based on the level of treatment required to achieve and maintain symptom control. 6 While most asthma could be controlled with low-intensity treatment, a minority of patients, likely constituting 5% of the total asthma population, could only achieve suboptimal symptom control with optimized treatment. 2, 7, 8 Severe asthma is defined as to patients whose symptoms or exacerbations require the use of high-dose inhaled corticosteroid (ICS) plus a second controller or in whom disease persists despite the use of this treatment, and those of whom only partially respond to treatment of comorbidities.
Although severe asthma affects a relatively small population, its associated impacts on health care resource utilization and expenditure, and the patient's quality of life (QoL) are substantial. 9 Add-on therapies such as oral corticosteroids (OCSs), tiotropium bromide, bronchial thermoplasty (BT), and molecular-targeted agents have been suggested for this subgroup of patients. 6 In recent years, the addition of tiotropium bromide to ICS and long-acting β-adrenoceptor agonists (LABAs) has been demonstrated to significantly improve lung function, reduce exacerbation rate in poorly controlled asthma patients. 10 Moreover, real-life data suggest that the addition of tiotropium may be beneficial in terms of decreasing the number of emergency visits and hospitalizations. 11 BT is a novel invasive approach developed to reduce the airway smooth muscle that instigates bronchoconstriction. Although systematic reviews have shown a modest improvement in patient's QoL and sustained effects at 5 years, the role of BT in severe asthma treatment remains limited inasmuch as the insufficient understanding in its mechanism of action, definitive benefits, and potential harms. 2, [12] [13] [14] In light of the advances in molecular technologies, the treatment paradigm of asthma has been steered in the direction of tailored management. 15 Through the identification of mediators that involve in the asthmatic inflammatory process, a growing number of novel targeted agents such as omalizumab (anti-immunoglobulin E [IgE]), mepolizumab (anti-IL-5), and lebrikizumab (anti-IL-13) have emerged. 16 Clinical implementation of these biologic targeted therapies therefore requires careful patient selection in order to yield the most satisfactory outcome.
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Omalizumab in allergic asthma
Mechanism of action
A large volume of evidence has indicated that the inflammatory cascade could be activated by the binding of IgE to FcεRI, the high-affinity receptors that are present on the surface of mast cells and basophils. [18] [19] [20] Moreover, it has been established that the presence of IgE could upregulate FcεRI expression on effector cells. 21 The recognition of IgE as an essential mediator in the inflammatory cascade has subsequently provoked the development of agents that aim to selectively neutralize IgE. Omalizumab is a recombinant, humanized monoclonal antibody that specifically binds to the circulating IgE. Occupation of the Cε3 region of the free IgE subsequently inhibits its binding to the high-affinity receptors or vice versa. The reduction in IgE concentration in turn lowers the FcεRI expression on mast cells and basophils, thereby interrupting the inflammatory cascade and the release of proinflammatory mediators. [22] [23] [24] Clinical benefits and efficacy Using humanized anti-IgE monoclonal antibodies (rhuMab-E25) in 15 patients, MacGlashan et al 23 has reported 99% and 97% reductions of serum IgE and FcεRI levels, respectively. Although concerns for anaphylactic reaction with omalizumab was initially raised, numerous pharmacokinetic (PK) studies showed that it is well-tolerated by both pediatric and adult patients with asthma. [25] [26] [27] Based on the promising data and favorable safety profile, omalizumab first received approval from Australian health authorities for treating adults and adolescents with moderate allergic asthma in 2002. It was approved in the US and EU in 2003 and 2005, respectively, as add-on therapy for the treatment of moderate-to-severe persistent allergic asthma. In view of the increased recognition of the unmet need in severe asthma, Humbert et al 28 launched an international pivotal investigation (INNO-VATE) to evaluate the benefits of omalizumab as add-on therapy exclusively in patients who are inadequately controlled with high-dose ICS plus LABA therapy (2002 GINA step 4). During the 28-week treatment, omalizumab was demonstrated to effectively reduce the rates of clinically significant asthma exacerbation as well as severe exacerbation and emergency visit by 26%, 50%, and 44%, respectively, compared with placebo. 28 Omalizumab was also found to significantly improve asthma-related QoL while no safety signal was detected, except a higher incidence of injection site reactions. 28 The 2006 Cochrane review compiled and analyzed 14 placebo-controlled trials, amounting to a total of 3,143 patients with mild-to-severe allergic asthma. The authors concluded that the addition of omalizumab could reduce asthma exacerbations and lead to ICS dose reduction or discontinuation. 29 More recently, the effectiveness of omalizumab has been further assessed and established in real-life settings among patients with moderate-to-severe asthma. A French historicprospective study demonstrated that the therapeutic use of omalizumab could decrease exacerbation rate, OCS dose, emergency visits and hospitalizations, compared with their records from the preceding year. 30 The increase and accrual of omalizumab use in routine practice over time has hence facilitated the investigation of its long-term benefits. Observations from the PERSIST study showed that a 52-week treatment with omalizumab could significantly improve lung function and patients' QoL and reduce exacerbation rate. 31 Moreover, the reduction of health care utilization was reflected in the decrease in the rates of emergency visits and hospitalization over the course of treatment. 31 
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Omalizumab for severe asthma management even superior effectiveness of omalizumab has been reported in copious real-world, long-term studies compared with that of the randomized controlled trials (RCT). [30] [31] [32] [33] A recent international observational registry (eXpeRience) further confirmed the aforementioned benefits, as well as reduced or discontinued OCS treatment at both 12 and 24 months in 943 patients with uncontrolled persistent asthma. 34 Patient characteristics and clinical outcomes of the aforementioned randomized trials are summarized in Table 1 . 23, 28, 35, 36 
Pediatric population
Despite the fact that omalizumab was initially trialed in subjects aged between 12 and 75 years old, numerous RCTs in the past decade have proven its efficacy and tolerability in the pediatric population (age =6-12 years) with uncontrolled persistent asthma. Similar to the findings in adults, omalizumab has been found to be efficacious in reducing incidence and frequency of asthma exacerbations as well as steroid use in children while maintaining an acceptable safety profile. [35] [36] [37] The first real-life data published by Deschildre et al 38 documented the effectiveness and safety of omalizumab add-on therapy in children aged 6-18 years with severe allergic asthma in a 1-year observation. The observed clinical benefits included marked improvement in asthma control and reduction in exacerbation rates (72%), health care utilization, and ICS dose (30%), and these were reported to exceed those in the previous RCTs. On the basis of the high IgE levels often observed in severe asthma children, a group of Japanese scholars examined the effectiveness of omalizumab in a small group of Japanese children. 39 At 24 weeks, the authors showed that in addition to markedly lowered serum free IgE levels to the targeted level of suppression (,25 ng/mL), omalizumab significantly reduced the frequency of asthma exacerbations, hospitalization, as well as asthma controller medication and improved asthma control and QoL. 39 Although evidence from both RCTs and 
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Lin and Cheng real-world are encouraging, long-term effectiveness and safety of omalizumab in children warrant further surveillance and assessment. Patient characteristics and effectiveness of the clinical studies are summarized in Table 2 . [30] [31] [32] [33] [34] 38, 39 elderly population Making a correct asthma diagnosis and/or severity assessment is particularly challenging in the geriatric population as asthmatic symptoms could be easily confounded by comorbid 40 showed that omalizumab reduced the risk of clinically significant asthma exacerbations, lowered rescue medication use, and improved asthmatic symptoms in older adults ($50 years) with moderate-to-severe allergic asthma. In real world, similar clinical benefits and tolerability profile were also reported in more recent studies involving older patients with severe allergic asthma.
41,42
Treatment duration
Based on the mechanism of action of omalizumab and clinical evidence, response to omalizumab treatment is routinely assessed after 16 weeks of therapy during which physicians determine whether to continue therapy. 43 Hitherto, the physician's global evaluation of treatment effectiveness at week 16 of omalizumab treatment has been considered as the most meaningful measure and indicator of persistent treatment response. 43, 44 However, Bousquet et al 45 have previously reported that a small fraction of patients may be late responders and could benefit from omalizumab given a longer period of assessment. In conjunction with the absence of identified baseline criteria for treatment response, there is evidently a growing need for more reliable predictors.
Even though the PKs and dosage of omalizumab treatment have been well-established, the optimal treatment duration remains undetermined. On account of the observed ability to downregulate FcεRI expression on basophils and dendritic cells, the possibility of discontinuing omalizumab after a certain period of therapy has been explored in the past few years. Under varying dosing regimens and treatment durations, several studies quantified and verified the reduction of FcεRI expression on basophils and dendritic cells. 23, 46, 47 Although there was a correlation between FcεRI expression and IgE level, the association between reduction of FcεRI expression and clinical response could not be established. 23, 46, 47 Preliminary studies involving short-term omalizumab treatments have reported that serum free IgE rapidly increased and returned to pretreatment level shortly after dose reduction and treatment cessation. 48, 49 Based on a PK-pharmacodynamic binding model, Slavin et al 49 analyzed the data from the INNOVATE study and revealed a correlation of omalizumab and IgE concentration with symptom control in severe asthma patients over the 28-week omalizumab treatment. This finding compelled the authors to conclude that the reduction of omalizumab concentrations would likely compromise the previously achieved treatment efficacy and recommend against dose reduction after 6 months of treatment. 49 In 2007 and 2010, Swedish scholars published 1-year and 3-year reports on discontinuation of omalizumab, respectively, after a long-term treatment of 6 years. Both these studies documented improved or maintained treatment response in most of the patients. 50, 51 By applying and comparing different PK-IgE models, Lowe et al 52 found that the feedback model, which assumes IgE production to be regulated by free IgE, to best fit the changes in total IgE concentration in patients undergoing long-term omalizumab treatment. Based on the feedback model, it was estimated that omalizumab reduces IgE production by 54% per year. 52 At such rate, the patients are expected to have an IgE level that approximates a healthy individual after 5-6 years of treatment with omalizumab, which supports the observation in the Swedish study. The results also affirmed the previous speculations that the long-term use of omalizumab might have certain disease-modifying effects and implicated the possibility of reduced dosing or withdrawal of omalizumab in long-term treatments. In a more recent investigation of asthma control after omalizumab discontinuation, Molimard et al 53 perceived a correlation between treatment duration and sustained asthma control in a group of patients with mean treatment duration of 22.7 months. 53 However, it was noted that 20% of the previous responders failed to respond to the reintroduction of omalizumab.
In light of the limited data and systematic evaluation of the impacts of omalizumab withdrawal after long-term successful treatments, Busse et al 54 performed a Phase IV multinational RCT that primarily aimed to evaluate the persistency of response to omalizumab in moderate-tosevere asthma patients. In terms of asthma exacerbation and symptom control, persistence of response in the omalizumab withdrawn group was not comparable to the omalizumab continuation group; nonetheless, nearly 60% of the patients remained free of severe asthma exacerbation at 1 year after discontinuing long-term omalizumab treatments ($5 years). 54 Although the results from this highly anticipated trial did not provide definitive answers to when or whether to terminate omalizumab treatment, the data exhibited the possibility of maintaining good asthma control after treatment cessation in a subgroup of patients. While more effort needs to be dedicated to identifying biomarkers or clinical indicators that could better characterize this particular group of patients, the decision of whether to discontinue omalizumab treatment remains as a joint responsibility between the physicians and patients.
Experience with omalizumab in Taiwan
Prior to 2001, asthma had been one of the top 10 leading causes of death in Taiwan, contributing to a mortality rate of 55 Although there has been a gradual decrease in mortality rate in the past decade, the prevalence and morbidity of asthma-related conditions have markedly increased in the pediatric population. 56 Based on a mass screening survey, Wu et al 56 reported that asthma prevalence reached 20.3% among the first graders in the Taipei metropolitan area in 2009, sending an alarming message to the public health authorities. Omalizumab was approved in Taiwan by the Ministry of Health and Welfare in 2010 as an add-on therapy for treating adults and children 6 years of age and older with severe persistent asthma despite the use of daily high-dose ICS plus a LABA. A study was forthwith initiated to evaluate the effectiveness and safety of omalizumab in the real-life setting among the Taiwanese population. 57 In this 52-week investigation that involved eight centers and a total of 78 patients, treatment response was assessed based on Asthma Control Test (ACT) and pulmonary function. One-third of the patients discontinued or interrupted omalizumab treatment for more than 12 weeks. Improved asthma control was noted in both treatment-persistent and -nonpersistent groups, with a mean increase of 3 points and 1.7 points in ACT score at each follow-up, respectively. However, a slightly higher incidence of asthma-related events such as emergency visits, unscheduled clinical visits and hospitalizations was observed in the nonpersistent group. Asthma, upper respiratory infection, and rhinitis were the most commonly reported adverse events, with similar incidences in both groups.
Recently, Chen et al 58 retrospectively analyzed data from the Taiwan National Health Insurance Research Database to assess omalizumab effectiveness, discontinuation and impacts on medical resource utilization from 2007 to 2011. At baseline, over 90% of the patients received chronic OCS. In patients who have received over 4 months of omalizumab, the authors observed a significant reduction in the dose and use of other asthma medications, as well as asthma exacerbation-related emergency visits and hospitalizations at the first follow-up. 58 Furthermore, these benefits persisted at 2, 6, and 12 months after the discontinuation of omalizumab treatment, compared with baseline. The lowered emergency visits consequently contributed to reduced medical expenses. 58 Based on these encouraging findings in the real-world setting, the authors suggested that omalizumab may be effective in improving asthma control for chronic OCS-dependent patients with moderate-to-severe disease. 58 In light of the strong evidence for benefits of decreasing OCS-dependence, acute exacerbation frequency, and hospitalization rate in Taiwan's experience with omalizumab, we support that it is an optimal treatment option for non-well-controlled asthma patients treated with step 5 medications (GINA definition), and the treatment duration should at least persist over a 4-month period.
Investigational use of omalizumab Nonatopic/nonallergic asthma
Locally increased IgE production without systemic atopic reaction has been repeatedly reported in studies, prompting scholars to reexamine the distinctions between atopic and nonatopic asthma, and the underlying mechanisms of allergy. 59 As growing similarities in immunopathology shared between atopic and nonatopic asthma have gradually been identified, the extended role and benefits of omalizumab in nonallergic asthma has subsequently been implicated. 60 Similar to the observations in severe allergic asthma patients, omalizumab has been shown to downregulate FcεRI expression in patients with severe nonallergic asthma in a double-blind RCT. 61 In another RCT involving both allergic and nonallergic patients with nasal polyps, omalizumab demonstrated equal efficacies in both patient subgroups. 62 Its effectiveness was also observed in a Spanish multicenter registry study, where nonallergic asthmatics showed significant improvements in clinical status as evaluated by global evaluation of treatment effectiveness and ACT. 63 However, more robust supporting evidence for its use in nonatopic asthma remains fairly limited.
Comorbid allergic disorders
Various comorbidities have a close association with asthma and can severely affect asthma control without appropriate management. Based on its mechanism of actions, the role of omalizumab in the treatment of a number of these comorbidities has been implicated. 64 As an IgE-medicated type I hypersensitivity reaction, allergic rhinitis is a reasonable and potential candidate that may benefit from omalizumab. In patients with moderate-to-severe perennial allergic rhinitis, omalizumab has been shown to significantly improve asthma-/rhinitis-related QoL in two RCTs. 65, 66 For patients with seasonal allergic rhinitis, benefits in reducing serum-free IgE levels and clinical symptoms with omalizumab have been repeatedly demonstrated in several RCTs. [67] [68] [69] [70] Increased IgE in the mucosal tissue and occasionally in serum has been found in patients with nasal polyps. 71, 72 By recognizing the similarities in pathophysiological features between asthma and nasal polyposis, few studies including one RCT and retrospective review have investigated the benefits of treating patients with nasal polyps and comorbid asthma with omalizumab. Results from the Drug Design, Development and Therapy 2016:10 submit your manuscript | www.dovepress.com
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Omalizumab for severe asthma management aforementioned RCT and review indicated that omalizumab could improve airway symptoms and QoL scores. 62, 73 Furthermore, the use of omalizumab in chronic rhinosinusitis with nasal polyposis is currently under investigation, and results from a Phase II RCT may provide more stringent evidence in addition to the existing observations. Atopic dermatitis, often treated with nonspecific antiinflammatory or immunosuppressive agents, is another frequent comorbid disease that co-occurs with asthma and allergic rhinitis. 74 Elevated IgE levels in both skin and serum have been measured in patients with atopic dermatitis. 75 As early as 2005, several case series and reports have documented positive effects of omalizumab in treating patients with atopic dermatitis and comorbid asthma. 76, 77 Efficacies in improving patient clinical outcomes and reducing free IgE levels have subsequently been broadly reported and confirmed in various RCTs, prospective open-label studies, as well as retrospective studies. [78] [79] [80] [81] [82] However, omalizumab is not yet approved for the treatment of atopic dermatitis despite the positive results observed.
Antiviral response enhancement
In spite of the use of LABAs and high-dose ICS, some patients still suffer from asthma exacerbations that could significantly deteriorate their health condition. 83 The underlying mechanisms of exacerbation are complex; however, allergen exposure and respiratory tract viral infection have been recognized as two predominant factors. 83, 84 However, little success has hitherto been yielded to reduce fall asthma exacerbations in children, highlighting a demand for more specific and novel approaches. [85] [86] [87] Viral infections, particularly with rhinovirus, have been frequently associated with asthma exacerbations in children. 88 In a multicenter RCT, Teach et al 89 investigated the potential of short-term omalizumab treatment in preventing fall asthma exacerbations in inner-city children with persistent allergic asthma. In addition to guideline-based treatments, children received omalizumab, ICS, or placebo 4-6 weeks prior to returning to school. Lower exacerbation rate was achieved in omalizumab-treated children, and the greatest benefit was observed in those who had more recent asthma exacerbations. Teach et al also showed that IFN-α responses to rhinovirus were significantly improved in omalizumab-treated children. Furthermore, among the omalizumab-treated group, subjects with greater IFN-α responses had fewer exacerbations. This finding in turn supports that INF-α restoration may be a potential therapeutic mechanism through which omalizumab prevents asthma exacerbation.
Conclusion
By targeting IgE, omalizumab delivers an early and broad effect on the allergic asthma inflammatory cascade. A large body of evidence from both clinical trials and real world has hitherto been accumulated in supportive of the efficacy and safety of omalizumab in the treatment of moderate-tosevere asthma. Omalizumab has demonstrated consistent and comprehensive effectiveness in improving asthma control, decreasing asthma exacerbation rate, and reducing ICS dose in patients previously inadequately controlled with standard asthma managements. Despite the fact that the optimal length of omalizumab treatment remains unclear, it is believed that accrual of long-term data and observations drawn from larger populations would paint a better picture for the investigators and treating physicians.
Although the current indication for omalizumab is limited to the treatment of allergic asthma and chronic idiopathic urticaria, its potential application in treating other allergic comorbidities and benefits in improving antiviral responses have been implicated. However, the accrual of more stringent evidence is necessary before leading to approval for clinical application. While serum free IgE level remains the only reliable predictor for the response to omalizumab treatment, the exploratory pursuit of additional ideal biomarkers continues.
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